The purpose of this work 1 was to develop a new 2D gymnast -high bar model with horizontal bar endpoint dynamics included. To this end, a three-spring high bar model was extended with a 5 segment gymnast model followed by validation and sensitivity analysis. Validation over a complete giant swing was favourable (bar position rms errors
Introduction
Modeling and simulation has previously been used to study several interesting issues in high bar gymnastics. Arampatzis and Brüggemann [1] analysed the energy exchange between bar and gymnast using a three-dimensional 15 segment gymnast body model coupled to a high bar with 12 interconnected rigid elements. Yeadon and Hiley [2] used a much simpler planar model to investigate the fundamental mechanics of the backward giant circle, with a damped linear spring connected to a four 1 Experimental data and a preliminary version of the high bar -gymnast model presented herein were part of the author's unpublished Dr. Scient. Thesis "Modelling and Analysing the high bar -gymnast system", The Norwegian School of Sport Sciences, 2001 . segment gymnast body model. They later used this model to examine the margin for error in timing the release for high bar dismounts [3] , and a similar model [4] to elaborate on triple somersault dismounts [5] , [6] . Some aspects of their model were recently improved somewhat by Begon et al. [7] , who presented a 3D model with an extra rotational joint between the torso and the pelvis to study the estimation of high bar kinematics when the number of skin markers is limited. Their model also included a personalised behaviour of the scapular girdle elevation as a function of arm flexion. Sheets and Hubbard [8] also used a four segment (female) gymnast model attached to a damped linear spring when they modeled swinging on the uneven parallel bars.
In these previous works, the high bar part of the model was designed to capture bar bending.
However, as was shown by Linge and Hallingstad [9] , horizontal movement of bar endpoints add substantially to the dynamics of the system. In fact, the absolute horizontal movement of the bar midpoint is composed of bar bending and another 30% due to endpoint movement. Also, previous works have been less concerned about robustness of model performance to errors in parameter values.
Yet, measurement and parameter estimation errors represent a common challenge to mathematical modeling, being problematic if a model is too sensitive in this respect.
In this paper, a gymnast -high bar model that includes the horizontal dynamics of bar endpoints is presented. The planar three-spring high bar model of Linge and Hallingstad [9] is extended with a 5 segment gymnast body model and the sensitivity of model performance to perturbations in model parameter values is elaborated on.
Methods

Data collection and data processing
A gymnast from the Norwegian Men's Senior Gymnastics Squad gave informed consent to perform giant swings on the high bar while his movements were recorded (frequency Hz 240 ) with a ProReflex reflective marker recording system [10] . A total of four giant swings were recorded with 7 cameras that were placed evenly around the bar at a distance of m 6 from the bar midpoint. One giant swing was used for estimation and one for validation. Reflective markers (diameter Collected marker data was filtered with the generalized cross validation algorithm of Woltring [11] , choosing a cut-off frequency of Hz 12 . Pair wise corresponding positions, velocities and accelerations of markers from the left and right side of the body (and bar) were averaged after projection into the vertical sagittal plane through the midpoint marker on the bar. Kinematics of body joints was derived from the averaged data in the symmetry plane. Data processing and parameter estimation were done in Matlab [12] .
High bar -gymnast model
The 2D high bar model of Linge and Hallingstad [9] was extended with a planar 5 segment gymnast body model, generating the dynamic equations for the total model ( Figure 1 ) with ROBMAT [13] . In the high bar model of Linge and Hallingstad [9] , the horizontal motion of bar endpoints is included so that three damped linear springs are used to model bar dynamics, two springs horizontally and one vertically. In this way, bar midpoint motion can be represented relative to the moving endpoints of the bar. Each of the three high bar springs has a stiffness, damping and mass parameter, giving 9 parameters in total for the high bar part of the model.
Regarding the gymnast part of the model, each body segment (arms, torso, lower back, thighs and shanks) was assumed to be rigid and defined by its mass, length, inertia and center of mass location on the segment axis. The length of the arms was designed as a joint variable (as part of modeling the shoulder joint, see below); however, so 19 parameters define the five body segments.
Segment mass (marker) positions were projected into the sagittal plane, and each segment had markers at each end. Body kinematics could then be derived from segment markers. Angles between segments were used as body joint variables. The shoulder joint, however, is more complicated, and was modeled by two degrees of freedom, both being actively controlled by the gymnast. This might be motivated as
follows. An individual holding his arms straight out in front of him is able to change the effective length of the arms purely by shoulder activity while maintaining a fixed shoulder angle. It may be done at any shoulder angle and justifies modeling shoulder configuration with two degrees of freedom, one translatory ( 5 q in Figure 1 ) and one rotational ( 6 q in Figure 1 ). This differs from Yeadon and 
Parameter estimation and model validation
Body segment parameter values were estimated by the method of Yeadon [14] , using the body density values of Dempster [15] . The high bar used in the present study, was the same as the one of Linge and Hallingstad [9] . However, even if they identified optimal bar parameters, they did so by use of a freely oscillating bar, i.e. without an interacting gymnast. Since other bar dynamics effects might come into play with a performing gymnast, bar parameters were estimated anew with the Nelder-Mead simplex method [16] (Table 1) of Linge and Hallingstad [9] . After having estimated bar parameters, validation was carried out with another recording of a giant swing, but now using (more than) a complete giant swing. This swing was defined to start °40 before the vertical, go full circle, and end °20 after the vertical.
Simulated and measured angular positions of the centre of mass (relative to neutral bar position) were compared, and the rms error of bar position was found. Raw measurement data were used for comparison both during estimation and validation.
Sensitivity analysis
The sensitivity of bar endpoint and midpoint positions, and arms' angle with the vertical, was investigated for the lower half (horizontal to horizontal) of a regular giant swing by perturbing single parameter values and combinations of parameter values. For each of the parameter perturbation trials, the rms errors of bar positions and arms' angle were calculated, using a simulation for the lower half of the giant swing as a reference. Use of rms errors was preferred over sensitivity functions since it is a compact measure, and the investigations of sensitivity to combinations of parameter perturbations became much simpler.
Matlab scripts were designed for three sets of sensitivity studies. First, the rms error sensitivity to single parameter perturbations ( % 10 + ) was investigated for each of the 28 high bar and body segment parameters given in Table 2 . The order of perturbations followed the lines of this table, i.e. with 1 k being the first parameter modified, 2 k the second, and so on, until 5 I was changed as the last one. In the second set of sensitivity tests, all combinations of the 9 high bar parameters were tested, keeping body parameters fixed. Each parameter value was allowed to take on three values, either no change from the optimal value, or a % 10 ± k . Finally, in the third set of sensitivity tests, combinations of both high bar and body parameter values were analysed.
Since the total problem would have been too large ( 28 3 parameter value combinations), it was reduced by selecting a subset of combinations only. In the first set of sensitivity studies, it was seen that of the high bar parameters; bar position sensitivity was noticeably higher for the three stiffness values than for damping and mass parameters. The three bar stiffness parameters were therefore used in combination with segment parameters from the arm, torso and thigh segments, taking these segments to be representative for the influence of perturbed body segment parameters. In addition, each parameter was allowed to take on just two values, either no change or a k . By plotting rms errors as a function of trial number, the known permutation order allowed jumps in rms errors to be coupled with changes in certain parameters.
Results
Parameter estimation caused some tuning of high bar parameters, but only for the stiffness and damping parameters of the horizontal direction ( 
Discussion
In this paper, a new 2D gymnast -high bar model that includes horizontal bar endpoint dynamics was presented. A three-spring high bar model [9] was extended with a 5 segment gymnast model followed by validation and sensitivity analysis. The total model was able to predict high bar kinematics and gymnast angular position with good accuracy. It was found that for minor errors ( % 10 ) in parameter values, model performance was most sensitive to high bar stiffness values, but the model still performed well, even for combinations of parameter errors.
Our model is planar like the one of Hiley and Yeadon [4] , but has an extra rotational joint between the torso and pelvis, as Begon et al. [7] included in their 3D high bar -gymnast model. The present model differs from the models of Hiley and Yeadon [4] and Begon et al. [7] in the way the high bar and the shoulder joint are represented. The shoulder joint is complicated, and Hiley and
Yeadon [4] showed that its translatory component might be captured well by use of a damped linear spring. Begon et al. [7] handled it somewhat differently, by letting the scapular girdle elevation be a personalised function of arm flexion. Here, it has been shown that the translatory and rotational properties of the shoulder also might be treated as two independent joint variables. The accuracy of the present model was comparable to that achieved by Yeadon and Hiley (2000) for the angular position for the arms' angle, which is acceptable for most purposes. The rms errors for the complete problem, i.e. with all 28 parameters, are likely to be somewhat higher. However, they are still expected to be acceptable, since, e.g., a doubling of rms errors would still be tolerable for most model applications. In our results, the influence of leaving out bar damping and mass parameters can be seen by comparing rms errors for vertical bar position in the two final sensitivity tests (Figures 5c and 6c ). Assuming for a moment that all high bar parameters had been kept while including body segment parameter perturbations, the rms errors in the final sensitivity test (Figure 6c) should have been at least as high as before (Figure 5c ). In our case, however, they are slightly reduced. The choice of % 10 ± perturbations was made, but it is realized that other choices 
Conclusion
A new 2D gymnast -high bar model was developed. As opposed to previous models, this model includes the substantial horizontal movement of bar endpoints that adds to motion from pure bar bending. Model performance was found most sensitive to errors in high bar stiffness values, but is still robust to minor errors ( % 10 ) in its parameter values. q denotes the vertical position of bar midpoint, 4 q is the angle of the arms with the vertical, 5 q is the length of the arms (which changes because of translatory shoulder motion), 6 q is the angle between arms and trunk segment, 7 q is the angle between trunk and lower back segments, 8 q is the hip angle, and, finally, 9 q is the knee angle. 
